Shank and SAPAP (synapse-associated protein 90/postsynaptic density-95-associated protein) are two highly abundant scaffold proteins that directly interact with each other to regulate excitatory synapse development and plasticity. Mutations of SAPAP, but not other reported Shank PDZ domain binders, share a significant overlap on behavioral abnormalities with the mutations of Shank both in patients and in animal models. The molecular mechanism governing the exquisite specificity of the Shank/SAPAP interaction is not clear, however. Here we report that a sequence preceding the canonical PDZ domain of Shank, together with the elongated PDZ BC loop, form another binding site for a sequence upstream of the SAPAP PDZ-binding motif, leading to a several hundred-fold increase in the affinity of the Shank/SAPAP interaction. We provide evidence that the specific interaction afforded by this newly identified site is required for Shank synaptic targeting and the Shank-induced synaptic activity increase. Our study provides a molecular explanation of how Shank and SAPAP dosage changes due to their gene copy number variations can contribute to different psychiatric disorders.
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Shank | SAPAP | PDZ | synapse | specific interaction P ostsynaptic density (PSD) at excitatory synapses refers to disk-shaped, densely packed mega-protein assemblies located beneath postsynaptic membranes (1) (2) (3) (4) (5) . A set of highly abundant scaffold proteins, including DLGs (disc large proteins including PSD-95, PSD-93, and SAP102), SAPAP (synapse-associated protein 90/postsynaptic density-95-associated protein; also known as GKAP or DLGAP), and Shank, are known to be critical for the formation, stability, and neuronal activity-dependent dynamic regulations of PSDs (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In addition to orchestrating PSD formation, these scaffold proteins also serve to control the trafficking and clustering of receptors on the plasma membranes and to interface with actin cytoskeletons at synapses (15, 18, 19) . Mutations of DLGs, SAPAP, and Shank have been found to cause or associate with various psychiatric disorders, including autism spectrum disorder (ASD), depression, and schizophrenia (20) (21) (22) (23) (24) (25) (26) (27) (28) , further supporting the importance of these proteins in normal brain development and functions.
Electron and superresolution light microscopy imaging studies (4, 5, 18, (29) (30) (31) (32) have revealed that proteins in PSDs form distinct layers along the axodendritic axis of synapses with a sequential order of membrane-spanning glutamate receptors and cell adhesion molecules, DLGs, the SAPAP and Shank scaffolds, and actin cytoskeletons. Such a distinct layered structure in PSDs depends critically on the specific interactions between the scaffold proteins. For example, the phosphorylation-dependent interaction between DLG GK domain and the N-terminal repeating sequences of SAPAP positions SAPAP beneath DLGs (33) , and the interaction between the SAPAP PDZ-binding motif (PBM) and Shank PDZ domain functions to place Shank at a deeper layer in PSD (7) .
The critical roles of the PSD scaffold proteins in normal brain physiology and human psychiatric disorders caused by mutations of genes encoding these proteins have spurred great interest in studying the underlying molecular mechanisms governing these proteins under both physiological and disease conditions. One popular approach to this is to identify proteins that can interact with these scaffolds by various screening approaches, such as yeast two-hybrid screenings, phage displays, proteomics, and, more recently, large-scale genomic-based approaches. These screens have identified a huge list of proteins that have the potential to interact with the PSD scaffolds like DLGs, SAPAP, and Shank. For example, several dozens of proteins other than glutamate receptors and neuronal adhesion molecules have been reported to bind to the PDZ domains of PSD-95, and approximately a dozen proteins other than SAPAP have been shown to use their PBMs (PDZ binding motifs) to bind to the Shank PDZ domain.
Although identification of these scaffold binding proteins certainly has enriched our knowledge of the potential protein networks operating in synapses, a concomitant problem is that such still-growing protein-protein interaction networks are extraordinary complicated and extremely difficult to interpret. A problematic issue, as we articulate below, is that many of such interactions reported in the past might not be physiologically irrelevant. We also believe that similar problems are widespread in systems other than neuronal synapses, given that scaffold protein-mediated signal transductions is a common strategy used by essentially all tissue types in living kingdoms.
Significance
Synaptic scaffold proteins, such as Shank and SAPAP, play critical roles in organizing protein complexes essential for neuronal development and signaling. Approximately 50% of protein concentration changes resulting from genetic mutations can cause various forms of psychiatric disorders; however, the molecular mechanism underlying such dosage-sensitive functional changes for the two scaffold proteins are not clear. Here we discover that a previously unrecognized PDZ domain-mediated binding mode renders an exquisitely specific interaction between Shank and SAPAP. Mutations of either of these proteins lead to quantitative reductions of the Shank/SAPAP complex in synapses. We also demonstrate that a Shank/SAPAP complex inhibitory peptide can modulate excitatory synaptic activities, providing a proof of concept of modulating synaptic activities by targeting the Shank PDZ domain.
In view of the critical roles of SAPAP and Shank in synaptic development and plasticity, it is conceptually not difficult to rationalize that the loss-of-function mutations of SAPAP and Shank caused by total deletions or effective null mutations can lead to ASD-like phenotypes in model organisms, presumably due to total elimination of the protein interaction network concerning these two proteins and consequent impairment of synaptic development and plasticity (34) (35) (36) (37) (38) (39) (40) (41) . Essentially all SAPAP and Shank mutations found in patients with ASD or other psychiatric disorders are heterozygous in nature, however (28, (42) (43) (44) (45) . In theory, under the majority of these mutation conditions, a mere 50% decrease caused by a deletion/null mutation or a 50% increase due to gene duplications of SAPAP or Shank can cause disease, indicating that the physiological functions of the human nervous system are highly sensitive to the dosages of these two proteins, and many other proteins encoded by psychiatric disorder genes as well (20, 46) . Opposite to reduced synaptogenesis and decreased excitatory synaptic strengths in Shank deletion mice (34) (35) (36) , a ∼50% protein increase of Shank3 in mice can lead to overactivation of excitatory synaptic currents and can cause manic-like phenotypes (47) . Furthermore, duplication of Shank3 has been found in patients suffering from epilepsy and other hyperactivity-related symptoms (47) .
Corroborating the above observations, we note that, in addition to scaffold proteins, the functions of another major category of psychiatric disorder genes are directly involved in the regulation of synaptic protein expression or metabolism. For example, FMRP (Fragile X Mental Retardation Protein) is an RNA-binding protein linked to trafficking and translation of synaptic proteins (48) , the TSC1/TSC2 complex is known to regulate mTOR-mediated protein translations (49, 50) , and Ube3a acts as an E3 ligase to regulate synaptic protein turnover (51) . It becomes increasingly obvious, albeit with poorly understood underpinning mechanisms, that mutations of one gene (or one common set of genes) can lead to different psychiatric disorders (52) . It is possible that different mutations on one gene (e.g., Shank3 deletion vs. duplication) can directly lead to opposite changes in the expression level of the encoded protein, thereby leading to opposing neuronal activity changes (53) . Alternatively, different mutations may stimulate or suppress the expression/metabolic activities of an encoded gene, and thus indirectly modulate changes in synaptic protein levels and subsequent divergent phenotypic outcomes.
Disparities between specific and dosage-dependent biological functions and reported multiple binding partners, often with unrelated functions, for a given protein are widespread in the literature. This issue is even more acute for scaffold proteins, given that the majority of these proteins do not have catalytic activity and thus generally cannot amplify activity changes by themselves. Taking the Shank and SAPAP interaction for an example, the PDZ domain of Shank has been reported to bind to many proteins other than SAPAP in synapses, including neuroligins (54), β-PIX (55), calcium channels (56, 57) , mGluR (15) , and α-latrotoxin (58) . The reported interactions between Shank and these targets are of comparable and modest affinities with dissociation constants in the range of a few micromols (59) . This immediately creates a biochemical dilemma. Because Shank interacts with all of these proteins more or less with equal affinity, a 50% decrease/ increase in Shank3 resulting from Shank3 deletions/duplications would have a minimal impact on the overall Shank3/target complex distribution (e.g., a mere ∼5% change for each complex if Shank were evenly distributed among 10 different targets). Correspondingly, obvious functional changes due to an ∼50% change in Shank level in human brain would not be expected.
The foregoing dilemma would not exist if one Shank binding partner (e.g., SAPAP) had a much higher binding affinity than the other reported binding partners. Because we demonstrate in this work that SAPAP binds to Shank with an ∼100-fold stronger affinity than other reported Shank-binding proteins. Under such a scenario, almost all of Shank in synapses is calculated to be in complex with SAPAP, and changes in Shank or SAPAP dosage would have a major impact on the concentrations of the Shank/ SAPAP complex instead of other reported Shank complexes. The unique binding specificity and affinity between Shank and SAPAP is afforded by a previously unrecognized binding site outside the canonical PDZ/target binding pocket. This work emphasizes that quantitative biochemical characterizations of scaffold protein-mediated interactions are critically important in understanding the mechanistic bases governing their functions in broad biological processes such as synaptic functions in this case.
Results
Shank Interacts with SAPAP with an Unexpectedly High Affinity. We first verified the well-accepted PDZ domain-mediated interaction between Shank and SAPAP using purified recombinant protein of Shank3 PDZ (residues 563-665) and a synthetic hexapeptide corresponding to SAPAP3 PBM (EAQTRL; residues 972-977) (Fig. 1A) . Isothermal titration calorimetry (ITC)-based assays showed that the SAPAP3 PBM binds to Shank3 PDZ with a K d of ∼5.8 μM (Fig. 1 B and C) , a value typical for the majority of the canonical PDZ and PBM interactions (60) . However, as we reasoned in the introductory section, such a modest binding affinity between Shank3 PDZ and SAPAP3 PBM is unlikely to be sufficient for the specific functional interactions between Shank3 and SAPAP3 observed in vivo.
We found that each family member of Shank has an SH3 domain closely proceeding the PDZ domain, and that each SAPAP contains a stretch of proline-rich sequence upstream of its PBM (Fig. 1A) . Thus, we hypothesized that the Shank SH3-PDZ tandem may interact with a longer version of SAPAP C-terminal tail containing the "Pro-rich" sequence with a higher affinity than the PDZ/PBM interaction alone. Indeed, we discovered that the Shank3 SH3-PDZ tandem (residues 461-665) and an elongated SAPAP3 C terminus (residues 900-977) interact with each other with an affinity ∼100-fold stronger than that of the PDZ/PBM interaction (K d ∼0.045 μM vs. ∼5.8 μM) ( Fig. 1 B and C, C1 ). This biochemical finding uncovers a previously unrecognized, highly specific interaction between Shank3 and SAPAP3.
Interestingly, we detected no direct interactions between the isolated Shank3 SH3 domain and the elongated SAPAP3-CT (Fig. 1C, C2 ). In addition, deletions of the SH3 domain from the SH3-PDZ tandem and the Pro-rich sequence from SAPAP3 individually or combined had no detectable impact on the strong interaction between Shank3 and SAPAP3 (Fig. 1C) , indicating that the SH3 domain of Shank3 does not contribute to the strong interaction between Shank3 and SAPAP3.
Further fine mapping analysis revealed that an N-terminal extended Shank3 PDZ domain (residues 533-665, denoted "N-PDZ" for the N-terminal extended PDZ domain) and the last 12 residues of SAPAP3 (residues 966-977, referred to as "E-PBM" for the extended PDZ binding motif) are the minimal sequences for the strong interaction between Shank3 and SAPAP3 (Fig. 1C) . Our mapping data also indicate that there exists another binding site in addition to the canonical PDZ-PBM binding site in the Shank3 N-PDZ/SAPAP3 E-PBM interaction. This secondary binding site is attributed by the extended sequence of Shank3 N-PDZ (specifically, residues 533-563) and residues upstream of the QTRL motif of SAPAP3 E-PBM (residues 956-973) (Fig. 1A) . This conclusion is drawn by the data that deletion of the QTRL motif completely eliminated the binding of SAPAP3 E-PBM to the canonical Shank3 PDZ, but did not totally disrupt its binding to Shank3 SH3-PDZ (Fig. 1C, C3 ).
Considering that both the N-terminal extension sequence of Shank PDZ and the extended sequence of SAPAP-CT are highly conserved both among their different family members (Shank1-3 or SAPAP1-4) and during the evolution of both proteins ( Fig. 1  E and F) , we predict that all Shank-SAPAP interactions use the binding mode elucidated here and are of high affinity.
The Primary Shank PDZ-Binding Target in Synapse Should be SAPAP.
The high-affinity interaction between Shank N-PDZ and SAPAP E-PBM described above provides a biochemical basis for the specific Shank/SAPAP complex formation in synapses instead of many other reported Shank PDZ domain-mediated interactions. To further substantiate this conclusion, we measured the binding affinities of Shank PDZ with several of its reported synaptic target proteins, including neuroligin 1, neuroligin 3, and β-PIX. To ensure the coverage of possible extended sequences in both Shank PDZ and these targets, we used Shank3 SH3-PDZ and the entire C-terminal tails of neuroligin 1 (residues 720-843) and neuroligin 3 (residues 708-825), along with the coiled-coil PBM of β-PIX (residues 494-646), for quantitative ITC-based binding assays. All three reported Shank PDZ targets were found to bind to Shank SH3-PDZ with modest K d values of several micromoles (Fig. 1D) , roughly 100-fold weaker than the Shank/SAPAP binding. Therefore, even under comparable concentrations, SAPAP would have a much higher priority for forming a complex with Shank than other coexisting proteins, such as neuroligins and β-PIX in synapses, not to mention that SAPAPs are among the most abundant proteins in PSD (8) .
Structural Basis Governing the Specific Shank3 N-PDZ/SAPAP3 E-PBM Interaction.
Overall structure. To elucidate the molecular mechanism underlying the specific Shank/SAPAP interaction, we solved the crystal structure of the Shank3 N-PDZ/SAPAP3 E-PBM peptide complex at 2.5-Å resolution (Table S1 ). Other than the very N-terminal nine residues of Shank3 N-PDZ (residues 533-541), the residues from both N-PDZ and E-PBM can be clearly assigned in the crystal electrodensity map. The complex in the crystal appears as a domain-swapped dimer with a twofold symmetry axis ( Fig. 2A) . The N-terminal extension (N-extension) of each PDZ domain forms a β-hairpin structure (βN1 and βN2) that interacts with the extension sequence of SAPAP3 E-PBM in the neighboring complex via antiparallel β-sheet augmentation on its one edge and with the elongated βB/βC loop (referred to as the BC loop hereinafter) of the PDZ domain on its other edge ( Fig. 2A) . The C-terminal PBM (i.e., the QTRL motif) binds to the canonical PDZ-binding pocket of Shank3 PDZ. The Shank PDZ domain and its N-terminal β-hairpin extension are connected by a six-residue linker (   559   TSHSDY   564 ), which is structured but does not participate in the SAPAP3 E-PBM binding ( Fig. 2A) . Detailed structural analysis also indicated no intermonomer interaction, as well as very little energetic difference, for the Shank3 N-PDZ/SAPAP3 E-PBM complex to form either as a simple monomeric complex or as a domain-swapped dimer observed in the crystal (Fig. S1 A-C). Our static lightscattering analysis showed that Shank3 N-PDZ adopts a stable monomer in solution both before and after binding to SAPAP3 E-PBM (Fig. S1D) ; therefore, we did not differentiate the dimer or the monomer of the complex in our analysis, and considered the Shank3 N-PDZ/SAPAP3 E-PBM only as a monomeric complex. Detailed interactions. The most unique feature of the Shank3 N-PDZ/SAPAP3 E-PBM complex structure is that the N-terminal extension and the elongated BC loop of N-PDZ directly interact with the N-terminal extension of SAPAP3 E-PBM, forming another hydrophobic core in addition to the canonical PDZ core ( Fig. 2 B-D) . Specifically, the well-defined hydrophobic surface formed by the long BC loop (the longest BC loop among all PDZ domains; Fig. 2E ) provides a docking site for the PDZ N-extension as well as the SAPAP3 PBM extension (Fig. 2 C and D) . The SAPAP3 PBM extension [A(-14)∼I(-7)] forms a β-strand antiparallel to βN1 in the PDZ N-extension (Fig. S2) . Analysis of the surface structure reveals that Shank3 N-PDZ contains two distinct hydrophobic pockets. One of these pockets is in the canonical PDZ domain accommodating the terminal hydrophobic Leu(0) of PBM, and the other, formed by N-terminal extension and the BC loop of N-PDZ, is responsible for specifically binding to Ile (-7) and Ile(-9) of SAPAP3 E-PBM (Fig. 2B , and summarized as a schematic diagram in Fig. 2G ).
An overlay analysis of our Shank3 N-PDZ/SAPAP3 E-PBM complex structure with the structure of Shank1 PDZ in complex with a hexapeptide (EAQTRL) (61) revealed that the canonical PDZ/PBM interactions in the two structures are essentially identical (an rmsd value of 0.53Å in the PDZ region excluding the BC loop) (Fig. 2F and Fig. S3 ). The major differences between our structure and several previously determined canonical Shank PDZ structures are in their BC loops, which are partially flexible in all previously reported structures (Fig. S4 ). This structural analysis is fully consistent with our biochemistry data, showing that Shank3 N-PDZ contains an additional binding site outside the canonical PDZ domain. This newly identified binding site functions to recognize the extension sequences upstream the SAPAP3 PBM. Our structural data also provide a mechanistic explanation for the highly specific binding of Shank to SAPAP instead of to other reported Shank PDZ targets.
Validation of the Shank3 N-PDZ/SAPAP3 E-PBM Interaction. We next investigated the roles of three structural components, namely the BC loop and N-terminal β-hairpin extension of Shank3 PDZ and the SAPAP3 PBM extension, in the Shank3/SAPAP3 complex formation. To probe the role of the elongated BC loop of Shank3 PDZ, we deleted the majority of its BC loop (E591-L606) and left four residues (GAKA) of sufficient length to form a loop connecting βB and βC of the PDZ domain. We made this deletion using Shank3 SH3-PDZ for our quantitative binding assay (referred to as SH3-PDZ dBC). Deletion of the BC loop essentially eliminated all of the binding enhancement between Shank3 SH3-PDZ and SAPAP3 E-PBM afforded by the second binding site outside the canonical PDZ domain (K d values of ∼4.88 μM for the mutant vs. ∼0.022 μM for the WT SH3-PDZ and 5.8 μM for the canonical PDZ domain) (Figs. 1B and 3A, A1 and A2). We then deleted the N-terminal β-hairpin extension of Shank3 PDZ (T543-Y564, denoted SH3-PDZ dEXT), and found that this deletion also decreased Shank3 SH3-PDZ binding to SAPAP3 E-PBM, albeit by a modest scale of approximately fivefold (Fig. 3A, A3) . Finally, we replaced the extension sequence proceeding the PBM of SAPAP3 E-PBM (I966-I970) with five proline residues (referred to as PolyP-PBM), which were designed to disrupt the β-sheet formation of this segment with the β-hairpin extension of Shank3 N-PDZ ( Fig. 2A and Fig. S2 ). Similar to the deletion of the β-hairpin extension from Shank3 N-PDZ, the SAPAP3 PolyP-PBM also exhibited approximately fivefold weaker binding to Shank3 SH3-PDZ (Fig. 3A, A4) . We then tested the role of the extension sequences in the second binding site observed in the N-PDZ/E-PBM complex to the binding between the full-length Shank3 and SAPAP3 expressed in heterologous cells. In this assay, we used N-terminal Flag-tagged SAPAP3 (Flag-SAPAP3; residues 1-977) to coimmunoprecipitate N-terminal Myc-tagged WT Shank3 (residues 1-1,730) or its mutants. As expected, the WT Shank3 showed a robust interaction with WT SAPAP3. Deletion of the BC loop from Shank3 reduced its binding to SAPAP3 to the background level, and deletion of the β-hairpin extension of Shank3 PDZ reduced its binding to SAPAP3 by ∼40%. As a control, deletion of the entire N-PDZ (residues 543-665) from Shank3 eliminated its binding to SAPAP3 (Fig. 3 B and C) . We also used SAPAP3 WT or its E-PBM mutants to coimmunoprecipitate WT Shank3. Replacement of the PBM extension sequence with five proline residues (PolyP) weakened the binding of SAPAP3 to Shank3. Deleting the canonical PBM (the QTRL motif on SAPAP3, labeled "Δ4") eliminated the binding (Fig. S5A) . A pull-down assay using purified GST-fused Shank3 SH3-PDZ to pull down the full-length SAPAP3 WT or its E-PBM mutants further supported the foregoing results (Fig. S5B) . Taken together, our biochemical analyses indicate that all three components in the second binding site contribute to the strong and specific interaction between Shank3 and SAPAP3.
The
The interaction between Shank and SAPAP is known to be critical for Shank synaptic localization in cultured hippocampal neurons (7, 62) . We used this assay to assess the role of the second binding site in the N-PDZ/E-PBM complex in Shank3 synaptic targeting. For convenience of imaging analysis, we used N-terminal GFP-tagged Shank3 WT and its mutants (WT, dBC, dEXT, and dNPDZ) in our assay. We first verified that all of these Shank3 constructs are expressed at comparable levels in heterologous cells, and that the impact of the mutations on SAPAP3 binding (Fig. S5C) are essentially the same as those seen when using the Myc-tagged Shank3 shown in Fig. 3 . We then assessed the spine localizations of the four Shank3 constructs by transfecting Shank3 into cultured hippocampal neurons at day in vitro 14 (DIV14) and imaging the GFP signal of fixed neurons at DIV18. mCherry was cotransfected with GFP-Shank3 to fill the transfected neurons (Fig. 4A) . The percentages of Shank3-enriched spines were calculated to evaluate the synaptic targeting of each Shank3 construct. For each group, a total of 17-21 neurons from three independent batches of cultures were quantified. Typically, three to five branches were chosen for each neuron, with each branch covering the length of an ∼60-μm segment. All imaging, as well as the subsequent electrophysiology experiments, were performed in a double-blinded fashion.
Consistent with previously reported findings (7, 62) , WT GFPShank3 can efficiently target to dendritic spines. However, the three GFP-Shank3 mutants exhibited defects in synaptic localization, often with more puncta accumulating in the shaft region and much lower efficiency in localizing to dendritic spines (Fig.  4A) . Quantification results showed 92.1 ± 1.7% (mean ± SEM, hereinafter) dendritic spines with GFP signal enrichment relative to the shaft region in WT GFP-Shank3 neurons. In contrast, only 57.9 ± 4.2% of the dendritic spines in dBC-Shank3 neurons and 73.6 ± 4.3% of those in dEXT-Shank3 neurons showed an enriched GFP signal. Complete disruption of the Shank3/SAPAP3 interaction by deletion of the entire N-PDZ (dNPDZ-Shank3) led to only 51.6 ± 4.1% dendritic spines with GFP signal enrichment (Fig. 4B ) (*P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA with Tukey's multiple comparison test). This result indicates that the high affinity and specific complex formation between Shank3 and SAPAP3 mediated by the N-PDZ/ E-PBM interaction is required for Shank3 synaptic localization in cultured hippocampal neurons.
We next evaluated the roles of the specific Shank3/SAPAP3 interaction on Shank3-induced synaptogenesis. In this assay, we used Myc-tagged Shank3 as shown in Fig. 3B , and used YFP as the cell fill and the background transfection control. E16.5 mice primary hippocampal neurons were cultured, transfected at DIV14, and fixed at DIV18 for imaging YFP signals (Fig. 4C) . A total of ∼20 neurons for each group were analyzed from six independent batches of neuron cultures (Fig. 4D) using the same branch selection criteria as in Fig. 4A . The spine morphology analysis was performed in a blinded manner by two individuals using different strategies. The first approach uses visual inspection to classify spines with a mushroom-like head as mature spines (indicated by the large arrowheads in Fig. 4C ) and spines with other morphologies, such as filopodia-like, stubby, branchy, and thin mushroom (i.e., long neck and small head) as immature spines (indicated by the small arrows in Fig. 4C ). In the second strategy, the head width, neck width, and spine length of each spine were measured using ImageJ. A spine with a head width 2.5 times larger than the neck width and a spine length smaller than 3.0 times the head width is classified as a mature spine. These criteria were chosen to ensure a mushroom-like head and to exclude spines with a thin mushroom shape and a long neck from being classified as mature spines.
These two methods generated essentially same results within statistical error. Here we present only the results generated by the second strategy for comparison and analysis. At DIV18, the control neurons (the YFP alone group) had 30.3 ± 1.6% of the dendritic spines classified as mature spines. Overexpression of Shank3 WT promotes dendritic spine maturation by significantly increasing the percentage of mature spines to 43.2 ± 1.4%, a finding consistent with previous studies (62, 63) . In contrast, overexpression of Shank3 mutants failed to promote dendritic spine maturation compared with the WT Shank3. The dBCShank3-expressing neurons and the dEXT-Shank3-expressing neurons contained 27.1 ± 2.1% and 31.9 ± 2.1% mature spines, respectively (Fig. 4D ) (***P < 0.001, one-way ANOVA with Tukey's multiple comparison test).
The foregoing results indicate that the N-PDZ/E-PBM-mediated specific Shank3/SAPAP3 interaction, most likely via efficient targeting of Shank3 to dendritic spines, is important for the role of Shank3 in promoting synaptogenesis. It is formally possible that the observed synaptic targeting defects of Shank constructs bearing N-PDZ mutations might have resulted from unexpected dominant negative interactions of the mutant PDZ domains with certain unknown proteins.
Disruption of the Shank3/SAPAP3 Interaction by Specific Inhibitory
Peptide Weakens Synaptic Activity. We next wished to directly test the possible impact of a disrupted Shank/SAPAP interaction on the synaptic activity in cultured neurons. The discovery of the potent and specific binding of the last 15 residues of SAPAP3 (referred to as 15AA hereinafter) to Shank N-PDZ offers a unique opportunity to use this short peptide as a specific inhibitor blocking the Shank3/SAPAP3 complex formation in neurons. In addition, because all family members of Shank and SAPAP contain essentially the same N-PDZ and E-PBM, respectively ( Fig. 1 E and F) , the 15AA SAPAP3-CT peptide should be able to disrupt all Shank/SAPAP interactions when delivered to synapses.
We first tested whether this 15AA peptide can block the Shank/ SAPAP interaction when expressed in heterologous cells. An expression construct fusing 15AA to the C terminus of YFP driven by the CMV promoter was used to express YFP-15AA in HEK293T cells. When mixed individually, GST-fused Shank3 SH3-PDZ can robustly pull down either YFP-15AA or Flag-SAPAP3 from the cell lysates expressing each protein with comparable binding affinities (Fig. 5A, lanes 3 and 4) . We next tested whether YFP-15AA can compete with the full-length SAPAP3 for binding to Shank3. For such competition assay, we kept Flag-SAPAP3 cell lysates at a fixed amount in the reaction mixture and gradually increased the YFP-15AA dosage as indicated. The results show that an increasing amount of YFP-15AA was pulled down by GST-Shank3. Correspondingly, the amount of Flag-SAPAP3 bound to Shank3 continued to decrease to near disappearance (Fig. 5A, lanes 4-8) .
To ensure the specificity of the competition, we repeated the same experiments using YFP-15AA lacking the last four residues corresponding to the PBM motif (referred to as YFP-15d4), because this peptide essentially has no binding to Shank3 (Fig.  1C) . As expected, GST-Shank3-SH3-PDZ failed to pull down YFP-15d4 at all dosages tested (Fig. 5B, lane 3) . Therefore, even at the highest dosage used, YFP-15d4 had no detectable impact on the interaction between Shank3-SH3-PDZ and SAPAP3 (Fig.  5B) , further confirming the specificity of YFP-15AA in blocking the Shank/SAPAP interaction.
Given that the 15AA blocking peptide can effectively disrupt the Shank3/SAPAP3 interaction in heterologous cells, we next investigated whether 15AA can effectively modulate synaptic activity when expressed in synapses. To test this, the blocking peptide (YFP-15AA), control peptide (YFP-15d4) and YFP alone expression vectors were packaged in recombinant adenoassociated virus (AAV). The expression of these peptides was driven by the human synapsin promoter for their specific neuronal expression. Postnatal day 0 (P0) mice primary hippocampal neurons were cultured and infected with AAV at DIV07. At DIV18-20, miniature excitatory synaptic currents (mEPSCs) of YFP-positive neurons were recorded. For each group, 11-17 neurons from five separate batches were recorded and analyzed. The amplitudes of mEPSCs in neurons expressing YFP-15AA were significantly reduced compared with those expressing either YFP or YFP-15d4 (Fig. 5 D and F) . The mEPSC frequencies showed no significant differences in the three groups of neurons (Fig. 5 E and G) . The electrophysiological data indicate that the delivery of the 15AA peptide into neurons, most likely through disrupting the synaptic Shank/SAPAP interaction, can weaken the excitatory synaptic strength, presumably by reducing the number of functional AMPA receptors in each spine (Fig. 5H) . Of course, we cannot rule out the possibility that the 15AA peptide may also target as-yet unknown PDZ domains proteins in neurons.
Discussion
In this study, we have discovered a previously unrecognized mode of PDZ domain/target interaction that governs the highly specific interaction between Shank and SAPAP, two major scaffold proteins that are vital for both synapse development and synaptic activity regulations. Our quantitative binding affinity comparisons indicate that the binding of Shank PDZ to SAPAP is of several hundred-fold stronger than that of Shank PDZ to many other previously reported binding proteins. Our biochemical analysis predicts that essentially all Shank PDZ domains are occupied by SAPAP, and that very few other proteins can compete with SAPAP for forming complex with Shank. Our study also provides a mechanistic explanation for the overlapping disease phenotypes caused by mutations in SAPAP and Shank in humans.
The structures of the Shank3 N-PDZ and SAPAP3 E-PBM complexes determined in this study reveal that both the specificity and enhanced binding affinity between Shank and SAPAP originate from a unique binding site outside the canonical Shank PDZ and the canonical SAPAP PBM. A highly conserved N-terminal extension sequence of Shank PDZ forms a β-hairpin structure and specifically interacts with a conserved, SAPAP-specific sequence upstream of its PBM to form the second binding site. Given that other reported Shank-binding proteins, such as neuroligins and β-PIX contain only canonical PBMs but not residues that can bind to the second specificity site in Shank N-PDZ, these proteins bind to Shank with much lower affinities compared with SAPAP. Our structural analysis not only provides a mechanistic explanation to the highly specific interaction between Shank PDZ and its functional target SAPAP, but also may identify a more general mechanism governing many other PDZ domain/target interactions. Emerging evidence suggests that many PDZ domains contain extension sequences at their two termini that are highly conserved and predicted to form secondary structures (60, 64) . These extension sequences often can function together with the canonical PDZ domain to form another target binding site in addition to the common αB/βB groove in all PDZ domains (65, 66). Because such extension sequences are highly specific to each individual PDZ domain, the corresponding target binding sites formed by the extension sequences are also likely to be distinct for each PDZ domain. Therefore, such additional target binding site formed by the extension sequence can be regarded as the specificity site of a PDZ domain, which provides a mechanistic basis for a given PDZ domain to bind to its cognate targets with high specificity. We believe that many PDZ/target interactions occurring in living cells should be specific and with high affinity instead of promiscuous and with modest affinity as is generally perceived.
PDZ domain proteins are particularly abundant in synapses, and even larger numbers of PDZ domain binding targets are known to coexist in the small spaces of dendritic spines in synapses (6, 67, 68) . Quite often, each PDZ domain from various synaptic scaffold proteins (e.g., any PDZ domain from the DLG family MAGUKs or the Shank PDZ described here in detail) has been reported to bind to many (up to several dozen) different target proteins. Such promiscuous PDZ/target interactions are conceptually not compatible with specific cellular functions of either PDZ domain proteins or their reported binding targets in living animals; therefore, careful biochemical and structural studies of PDZ and target interactions as described here will have an important role in the future. In addition, our study also suggests the possibility that similar extension sequence-mediated affinity enhancements may exist in other reported protein module/target interactions reported in the literature.
The discovery that a 15-residue peptide derived from SAPAP3 C-terminal tail can specifically block the Shank/SAPAP complex formation and modulate synaptic activity provides a proof of concept for manipulating the Shank/SAPAP interaction in living organisms. Such an inhibitory peptide should be able to downtune the excitatory synaptic activity by selectively inhibiting SAPAP/Shank complex formation. In principle, this inhibitory peptide may be useful for modulating synaptic activities in patients with an undesired level of excitatory circuit activation, such as caused by Shank gene duplication (47) .
Materials and Methods
Constructs and Protein Expression. Various coding sequences of Shank3 and SAPAP3 were PCR-amplified from the mouse full-length genes Shank3 and SAPAP3, kindly provided by Guoping Feng, Massachusetts Institute of Technology, Cambridge, MA. Residue numbers indicated in the study refer to the full-length Shank3 (BAE16756; 1,730 residues) and SAPAP3 (NP_941020; 977 residues). Genes encoding β-PIX coiled-coil PBM (residues 494-646; NP_059098.2), neuroligin 1 tail (residues 720-843, NP_619607.2) and neuronligin 3 tail (residues 708-825; NP_766520.2) were individually amplified by PCR from a mouse cDNA library. PCR products were cloned into in-house modified pET32a vectors or pGEX-4T-1 vector for protein expression. Recombinant proteins were expressed in Escherichia coli BL21 (DE3) cells in LB medium at 16°C. N-terminal thioredoxin (TRX)-His 6 -tagged or His 6 -tagged recombinant proteins were purified using a nickel-NTA affinity column, followed by size-exclusion chromatography. When needed, TRXHis 6 -tag and His 6 -tag were cleaved by HRV 3C protease and separated by size-exclusion chromatography. N-terminal GST-tagged recombinant proteins were purified by a glutathione Sepharose affinity column, followed by size-exclusion chromatography. Peptides containing SAPAP3 PBM (last six residues) for ITC analysis or E-PBM (last 15 residues) for crystal screening were commercially synthesized. For heterologous cell or neuronal expression, the full-length Shank3 and SAPAP3 genes, either WT or mutants, were cloned into pCMV-Myc, pcDNA3.1-Flag, or pEGFP-C3 vectors.
ITC Assays. ITC measurements were carried out on a MicroCal VP-ITC calorimeter at 25°C in buffer containing 50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. High-concentration proteins or peptides (concentration of 300 μΜ) were loaded into the syringe and titrated into the cell containing low-concentration (30 μM) proteins. Titration data were analyzed using Origin 7.0 and fitted by a one-site binding model.
Crystallization and Data Collection and Processing. Crystals of Shank3 N-PDZ in complex with the SAPAP3 E-PBM peptide were obtained by the hanging-drop vapor diffusion method at 16°C. The Shank3 N-PDZ/SAPAP3 E-PBM complex crystal was grown in solution containing 0.1 M Bis-Tris pH 5.5 and 3.0 M NaCl. Glycerol [25% (vol/vol)] was added as an cryoprotectant. X-ray data were collected at beamline BL17U1 of the Shanghai Synchrotron Radiation Facility. The diffraction data were processed and scaled by HKL2000 (69) .
Using the structure of the Shank1 PDZ domain (PDB ID code 1Q3O) as the search model, the initial structural model was solved using the molecular replacement method in PHASER (70) . The model was then refined by the phenix.refinement (71) . Coot (72) was used for peptide modeling and model adjustments. TLS refinement was applied at the final refinement stage. The final structure was validated by phenix.model_vs_data (71) validation tools. The structure figures were prepared using PyMOL (pymol.sourceforge.net/).
Analytical Gel Filtration Chromatography Coupled with Static Light Scattering.
This analysis was performed on a fast protein liquid chromatography (FPLC) system coupled with a static light-scattering detector (miniDAWN; Wyatt) and a differential refractive index detector (Optilab; Wyatt). Protein samples (100 μL, concentration of 100 μM) were loaded into a Superose 12 10/300 GL column preequilibrated with assay buffer containing 50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT on an AKTA FPLC system (GE Healthcare). Data were analyzed with Astra 6 (Wyatt).
Coimmunoprecipitation and GST Pulldown Assays. For the coimmunoprecipitation (co-IP) assays, in each reaction, 20 μL of anti-Flag M2 magnetic beads (Sigma-Aldrich) were incubated with cell lysates for 2 h at room temperature to immunoprecipitate overexpressed Flag-tagged proteins. For the GST pulldown assay, 25 μL of glutathione Sepharose beads charged with 0.05-0.2 nmol purified GST-tagged proteins or GST alone was used to pull down the intended proteins for each reaction. After extensive washing, captured proteins were eluted by SDS/PAGE sample buffer by boiling, resolved by 4-15% (wt/vol) gradient Mini-PROTEAN TGX gels (Bio-Rad), and immunoblotted with specific antibodies. In the co-IP assays, the membranes were scanned and signal intensities were analyzed using an Odyssey CLx infrared imaging system (LI-COR Biosciences). In the pull-down assays, protein signals were visualized by an HRP-conjugated secondary antibody (Pierce) and SuperSignal (Pierce).
Primary Hippocampal Neuron Culture. Primary hippocampal neuron cultures were prepared from E16.5 C57BL/6 WT mice hippocampi (for transfection/ imaging) or P0 C57BL/6 WT mice hippocampi (for AAV-infection/electrophysiology). Cells were seeded on coverslips successively coated by poly-Dlysine (Sigma-Aldrich) and laminin (Sigma-Aldrich) in 12-well plates. Cultures were maintained for 18-20 d in vitro in Neurobasal medium (for E16.5 neurons) or Neurobasal A medium (for P0 neurons) (Gibco) supported by 1× GlutaMax and 2% (wt/vol) B27 supplement (Gibco). For E16.5 neuron culture, cells were transfected or cotransfected at DIV14 with 2 μg plasmids per well using Lipofectamine 2000 reagent (Invitrogen). Cells were fixed at DIV18 with 4% (vol/vol) paraformaldehyde (PFA) together with 4% (wt/vol) sucrose in 1× PBS (pH 7.5) and then mounted on slides for imaging. For P0 neuron culture, AAV was treated at DIV07 to ensure that >20% neurons in each well were infected.
Microscopy. Neuronal images were acquired on a Leica SP8 confocal microscope with a 40× oil-immersion lens. For detailed dendritic branch and spine imaging, an additional 5× zoom factor was applied. Secondary and tertiary dendritic branches with appropriate shaft width were selected for analysis. On average, between three and five branches were selected at random to represent each neuron. For each branch, a length of ∼60 μm was imaged, and all spines within this section were analyzed. Multiple optical sections in the z-dimension (neuron, 20-40 sections; branch, 10-20 sections) at 0.35-μm z-intervals were collected and projected to a 2D image using a maximum intensity operation. Synaptic localization was analyzed according to the 2D projection images. Spine morphology was analyzed according to the 2D projection images together with Z-section checking.
Whole-Cell Recordings and mEPSC Analysis. Patch-clamp experiments were performed on cultured hippocampal neurons at DIV18-20. The culture medium was exchanged with an extracellular solution containing 124 mM NaCl, 26 mM NaHCO 3 , 10 mM glucose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , and 2 mM MgSO 4 , saturated with 95% O 2 -5% CO 2 (pH 7.4, 295-305 mOsm). Recording pipettes were pulled (P-97 micropipette puller; Sutter Instrument) from standard-wall borosilicate glass without filament (o.d. 1.5 mm; Sutter Instrument). The pipette-to-bath DC resistance of patch electrodes ranged from 3.0 to 5 MΩ with a pipette solution containing 130 mM CH 3 O 3 SCs, 10 mM Hepes, 5 mM NaCl, 1 mM MgCl 2 , 0.2 mM EGTA, 5 mM QX-314, 2 mM MgATP, and 0.1 mM Na-GTP, with pH adjusted to 7.2 with CsOH and osmolality adjusted to ∼300 mOsm/L. mEPSCs were pharmacologically isolated by blocking the GABA receptor with picrotoxin (100 μM) and blocking the action potential generation with tetrodotoxin (1 μM). Recordings were obtained using a MultiClamp 700B amplifier (Molecular Devices). Analog signals were low-pass Bessel-filtered at 2 kHz and digitized at 10 kHz through a Digidata 1440A interface (Molecular Devices). The membrane potential was held at −70 mV at 25°C for 0.5-1.5 h after the culture was removed from the incubator. Data analysis was performed with Clampfit 10.2 (Molecular Devices) and MiniAnalysis 6.0 (Synaptosoft). Approximately 5 min of recording time was used for the mEPSC analysis.
Statistics. Statistical analyses were performed using one-way ANOVA with Tukey's multiple comparison test using GraphPad Prism software. In the Shank3 N-PDZ/SAPAP3 E-PBM complex, a number of hydrophobic residues in the BC loop interact with one another, forming a large hydrophobic surface (Fig. 2 D and E) . (D-F) In other PDZ structures, the electron densities of the BC loops are not well defined. Accordingly, the hydrophobic pocket observed in the N-PDZ/SAPAP3 E-PBM complex is not properly formed, as indicated by the residues colored in red. In C-F, backbones of BC loops are rendered as Putty mode in PyMOL; the higher the B-factors, the wider the radius of the backbone sausages. Numbers in parentheses represent the value for the highest-resolution shell. *R merge = P jI i − I m j/ P I i , where I i is the intensity of the measured reflection and I m is the mean intensity of all symmetry-related reflections. † R cryst = ΣjjF obs j − jF calc jj/ΣjF obs j, where F obs and F calc are the observed and calculated structure factors. ‡ R free = Σ T jjF obs j − jF calc jj/Σ T jF obs j, where T is a test dataset of ∼5% of the total reflections chosen randomly and set aside before refinement.
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